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Abstract 

The  structure,  lithium  ion  conductivity  and  reaction  suppression  against  lithium  of  the  novel  vLaA103-(l  —  v)Lao.57Li0.3oTi03  oxides  (0  <  x  <  1) 
with  a  perovskite  related  structure  (ABO3)  are  studied  by  using  X-ray  diffraction,  ac  impedance  and  digital  multimeter.  The  results  show  that 
owing  to  the  geometric  environment,  consisting  of  La3+,  Li+  and  vacancy  at  A-sites,  the  conductivities  from  v  =  0  to  20mol%  are  maintained  in 
the  range  of  10~4  S  cm-1,  and  decrease  to  8.92  x  10~9  S  cm-1  with  30-40  mol%  LaAKU  addition.  When  the  value  of  x  is  larger  than  50mol%, 
the  corresponding  oxides  no  longer  have  the  characteristic  of  ionic  conduction.  A  stable  solid  electrolyte  is  also  observed  to  alleviate  the  reaction 
significantly  when  the  incorporated  LaA103  content  is  40mol%. 

©  2006  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Since  the  perovskite-type  compound,  LiALni/3Nbi_*TL03, 
was  discovered  by  Latie  et  al.  [1],  a  series  perovskite-related 
compounds  have  continuously  been  studied  with  respect  to  their 
crystal  structures  and  lithium  ionic  conductivity  [2].  In  par¬ 
ticular,  La2/3-xLi3xn  1/3-2*4403  (ABO3,  where  □  presents  a 
vacancy,  the  La3+,  Li+  and  □  are  located  at  A-sites,  and  Ti4+ 
is  at  B-site.)  received  attention  for  its  grain  conductivity  of 
10_3Scm_1  at  27  °C  [2,3],  and  it  has  potential  applications 
for  use  as  the  solid  electrolyte  of  lithium  battery. 

Metallic  lithium  is  the  lightest  and  most  electropositive  metal 
to  be  the  anode  material  to  develop  the  smallest,  high-power  den¬ 
sity  and  high-energy  density  battery.  However,  the  lithium  is  so 
active  that  La2/3-*Li3*Ti03  oxides  may  be  unstable  due  to  the 
contact  with  lithium.  The  reaction  between  them  is  suggested 
to  include  (1)  the  reduction  of  Ti4+  to  Ti3+,  and  (2)  the  Li+ 
insertion  into  A-site  vacancies  [3].  The  above  conjectures  can 
be  indirectly  proved  by  observing  the  increasing  electronic  con¬ 
ductivity.  Because  the  instability  results  in  the  short-circuiting 
of  the  cell,  this  reaction  needs  to  be  suppressed,  and  this  may  be 
done  by  preventing  at  least  one  of  the  reaction  processes  from 
occurring. 
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This  study  will  aim  to  decrease  the  Ti4+  concentration  at 
the  B- sites.  Although  a  great  amount  of  research  has  focused 
on  the  Ti  cation  substitution  by  Sn,  Zr,  Mn,  Ge  and  so  on 
[4],  the  process  seemed  unworkable  due  to  the  low  solid 
solubility  of  these  ions  at  B -sites.  However,  a  novel  solid 
solution  (LaA103-Lao.57Lio.3oTi03)  was  found  by  us  as  a 
probable  solid  electrolyte  because  LaA103  with  rhombohedral 
perovskite  is  expected  to  be  more  stable  against  lithium, 
based  on  the  study  of  Hellstrom  and  Van  Gool  [5].  The  first 
anti-reducible  perovskite-type  solid  electrolyte  is  studied  in  the 
structure,  electrical  properties  and  reaction  suppression  against 
lithium. 

2.  Experimental 

2.7.  Sample  preparation 

The  Lao.57Lio.3oTi03  (LLT)  and  LaA103  (LA)  powders  were 
individually  obtained  by  reacting  stoichiometric  amounts  of 
La2C>3  (purity  99.99%,  Alfa,  Ward  Hill,  USA),  AI2O3  (purity 
99.9%,  Alfa,  Ward  Hill,  USA),  Li2C03  (purity  99.4%,  Alfa, 
Ward  Hill,  USA)  and  Ti02  (purity  >99%,  Strem,  NEWBURY- 
PORT,  USA)  at  1250  °C  for  12  h.  According  to  the  respective 
ratio  of  x  in  xLA-(l  —  x)LLT  with  an  interval  of  10  mol%,  these 
two  reacted  powders  were  mixed,  pressed  into  discs,  and  sin¬ 
tered  twice  in  air  at  1350  and  1450  °C  for  8h,  respectively. 
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In  the  sintering  process,  the  samples  were  covered  with  the 
same  composition  powders  to  prevent  the  loss  of  the  Li  ele¬ 
ment.  Subsequently,  the  samples  were  reduced  in  thickness  by 
about  0.5  mm  by  surface  grinder,  and  the  final  size  was  4  mm  in 
thickness  and  about  10  mm  in  diameter. 

2.2.  Analyses 

The  solid  solubility  and  crystalline  phase  were  analyzed  using 
XRD  with  a  Cu  Ka  radiation  (A  =  1 .5405  A),  and  the  XRD  data 
were  collected  in  the  range  from  10  to  90°  (Model  D-MAX  III, 
Rigaku  Co.,  Tokyo,  Japan). 

The  electrical  properties  were  measured  in  air  by  an  A.C. 
Impedance  method  using  a  Solartron  1255B/1287  in  a  frequency 
range  of  0.01-1  MHz  and  a  temperatures  range  of  27-600  °C. 
The  electrode  for  the  measurement  was  prepared  as  follows.  Pt 
paste  was  painted  on  both  sides  of  the  pellets  and  then,  heated 
and  held  at  800  °C  for  2  h  as  ohmic  contact. 

The  phenomenon  of  reaction  suppression  was  observed  in 
Ar  by  an  in  situ  method,  utilizing  a  digital  multimeter  (Agilent 
34970 A)  and  lithium  electrodes  to  measure  the  change  in  elec¬ 
trical  conductivity.  Before  the  measurement,  the  same  thickness 
was  required  for  the  different  samples  evaluated.  When  Li  elec¬ 
trodes  contacted  the  sample,  the  resistances  were  simultaneously 
measured  at  6-s  intervals.  Here,  the  thickness  of  the  samples  was 
0.87  mm. 

3.  Results  and  discussion 

3.1.  Solid  solubility  and  destruction  of  double  perovskite 

Fig.  1  shows  the  XRD  patterns  of  solid  solution  LaA103- 
Lao.57Lio.3oTi03 .  The  complete  solid  solubility  between  LA  and 
LLT  is  found.  It  can  be  discussed  by  the  stability  of  the  perovskite 
structure  using  the  tolerance  factor,  t:  t  =  (r\  +  ro)/(V2(rB  + 
ro)),  where  ta,  pq,  and  ro  are  the  respective  ionic  radii  [6]. 
The  stable  perovskite  structure  is  expected  within  the  limits 
t-  0.88-1.09,  using  ionic  radii  based  on  coordination  number 
(CN)  8  of  B-site  and  CN  12  of  A-site  [7].  The  calculated  val¬ 
ues  for  the  LA-LLT  are  between  0.90  and  1.00.  It  promotes  the 
formation  of  the  solid  solution,  and  indirectly  proves  that  the 
Al3+  is  located  at  the  B-sites.  By  increasing  the  additional  LA, 
the  concentration  of  Ti4+  also  decreases  at  B-site.  Moreover,  the 
shifting  XRD  peaks  to  the  high-angle  side  reveal  a  decrease  of 
average  lattice  parameter  of  perovskite  unit  cell  with  the  addition 
of  LA. 

Fig.  1  also  shows  that  LLT  has  a  single  phase  with  tetragonal 
perovskite  structure  resulting  from  an  un-uniform  distribution 
of  La3+  ions  among  the  sites  la  (0,  0,  0)  (Lai  layer:  La3+-rich) 
and  lb  (0,  0,  1/2)  (La2  layer:  La3+-poor)  [8].  With  LA  addition, 
the  intensities  of  the  superlattice  peaks  decrease  drastically  at 
the  composition  of  10  mol  %  LA  added  compound.  The  ordered 
structure  leads  to  the  presence  of  the  superlattice  lines.  Because 
of  a  lack  of  La3+  ions  at  the  sites  la  (0, 0, 0),  the  Li+  is  expected  to 
have  high  probability  to  hop  via  the  Lai  layer  (two-dimensional 
transport  mechanism:  2D).  The  structures,  tending  to  disorder, 
reveal  that  La  ions  randomly  distributed  at  A-sites.  Therefore, 


the  transport  mechanism  for  Li+  motion  was  changed  from  2D 
to  3D. 

3.2.  Percolation  limit  on  the  occurrence  of  ionic  conduction 

Fig.  2  shows  the  impedance  spectra  of  LA-LLT.  According 
to  the  study  of  Inaguma  et  al.  [3],  the  impedance  spectrum  of 
the  poly  crystalline  100mol%  LLT  can  be  characterized  as  the 
ionic  conductions  of  grain,  and  grain  boundary  in  high-  and 
low-frequency  range,  respectively.  Furthermore,  the  blocking 
effect  of  the  ionic  charge  carriers  also  occurs  in  the  lower  fre¬ 
quency  range  [9].  Therefore,  the  general  equivalent  circuit  for 
the  ionic  conduction  of  LA-LLT  can  be  expressed  in  Fig.  3. 
The  conductive  characteristics  of  grain  and  grain  boundary  con¬ 
tain  the  parallel  resistance-capacitance  contributions.  When  the 
LA  addition  was  over  50mol%,  the  ionic  conduction  feature 
disappeared  even  if  these  specimens  were  measured  at  high 
temperature.  Rivera  et  al.  [10]  had  indicated  that  the  number 
of  transport  sites  of  the  Lio.5-xNa*Lao.5Ti03  was  controlled 
by  the  amount  of  Na  and  La  obstacles,  and  the  long-range  dc 
conductivity  value  drastically  decreased  at  x  =  0.2,  due  to  the 
percolative  blocking  of  the  3D  conduction  network.  Therefore, 
the  percentage  of  the  A-sites  occupied  by  Li+  or  vacancy,  that 
is,  percolation/transport  sites  should  be  larger  than  the  perco¬ 
lation  threshold  of  the  A-site  simple  cubic  network  [11],  and 
then  the  structure  could  provide  the  skeleton  of  A-site  network 
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Fig.  2.  The  impedance  spectra  of  solid  solution  LaA103-Lao.57Lio.3oTi03  show  the  features  of  ionic  conduction  (high-frequency  range:  grain;  low-frequency  range: 
grain  boundary;  lower-frequency  range:  blocking  effect  of  the  ionic  charge  carriers). 


for  Li+  transport.  For  LA-LLT,  Table  1  shows  that  the  concen¬ 
tration  of  the  La  obstacles  increase  with  LA  addition  and  the 
Li+  conduction  occurs  when  the  total  concentration  of  Li+  and 
vacancies  is  larger  than  0.26.  Although  Al3+  can  completely 
substitute  for  Ti4+  in  considering  a  stable  solid  electrolyte,  not 


all  LA-LLT  compounds  have  Li+  conductive  ability.  Only  the 
0-40  mol%  LA  added  compounds  have  the  percolation  skeleton 
for  Li+  transport. 

3.3.  The  influence  of  LaAlO 3  addition  on  ionic  conductivity 


R(ex-circuit)  R(grain)  R(grain  boundary)  R(interface)  W1 


n/V* - 


♦-AA- 
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fvV - 

CPE(jnterface) 


■Wc 


Fig.  3.  The  general  equivalent  circuit  is  used  to  describe  the  ionic  conduction 
of  LaA103-Lao.57Lio.3oTi03 . 


Table  1  lists  the  ionic  conductivities  of  LA-LLT  at  27  °C, 
and  Fig.  4(a)  shows  this  plotted  against  the  LA  addition,  x.  As 
can  be  seen,  the  conductivities  of  0-20  mol%  LA  added  LLT 
oxides  maintain  in  the  range  of  10-4  S  cm-1  and  then  the  con¬ 
ductivities  drastically  decrease  for  other  compounds.  Such  a 
change  is  ascribed  to  the  following  variations:  the  concentra- 
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Table  1 

L1a+  and  concentrations,  grain  conductivity  at  300  K,  activation  energy,  and  S  index  for  the  solid  solution  xLao.57Lio.3Ti03-(l  —  x)  LaA103 


x  (mol%) 

[LiA+] 

[V"] 

<jg  (S  cm  1 ) 

Ea,g  (kJ) 

5 

0 

0.30 

0.13 

1.00  X  10“3 

3.42 

1 

10 

0.27 

0.12 

7.93  x  10“4 

3.24 

1.14 

20 

0.24 

0.10 

3.80  x  10-4 

3.47 

0.59 

30 

0.21 

0.09 

1.81  x  10“5 

3.77 

0.03 

40 

0.18 

0.08 

8.92  x  10“3 

3.96 

1.40  x  10_5 

50 

0.15 

0.07 

0 

— 

0 

60 

0.12 

0.05 

0 

— 

0 

70 

0.09 

0.04 

0 

— 

0 

80 

0.06 

0.03 

0 

— 

0 

90 

0.03 

0.01 

0 

— 

0 

tions  of  Li  ions  and  vacancies,  the  ordered-disordered  structure, 
the  activation  energy,  and  the  skeleton  of  A-site  network.  These 
effects  contributing  to  grain  conductivity  can  be  described  in 
the  equation  [12]:  a  =  (q2r2  /  kT)A[LiA+][V^]  exp(— E^/kT), 


where  r  is  the  jumping  distance  of  Li+,  A  the  geometry  factor  of 
structure,  [LiA+]  Li+  concentration,  [  V^]  A-site  vacancy  concen¬ 
tration,  T absolute  temperature  and  Ea  is  the  activation  energy  for 
Li+  hop. 


(a)  Composition  x  (mol%) 
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Composition 
☆  100  mol%  LLTiO 

▲  90  mol%  LLTiO 

■  80  mol%  LLTiO 

♦  70  mol%  LLTiO 
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(c)  Composition  x  (mol%) 


(d)  Composition  x  (mol%) 


Fig.  4.  The  influences  of  LaA103  addition  (x  in  mol%)  on  ionic  conductivity  for  solid  solution  LaA103-Lao.57Lio.3oTi03:  (a)  the  plots  of  grain  and  bulk  ionic 
conductivity  versus  x  at  27  °C;  (b)  Arrhenius  plots  of  grain  interior  for  different  composition  compounds,  xLaA103-(l  —  x)Lao.57Lio.3oTi03;  (c)  activation  energy 
vs.  x;  (d)  the  estimated  index  S  related  to  the  (LaA103-Lao.57Lio.3oTi03)  geometry  vs.  LLTiO. 
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3.3.1.  The  influence  of  [Li pfl  ]  and  [V'Jfl  on  conductivity 

Table  1  shows  that  both  [L1a+]  and  [V^]  decrease  with  LA 

addition.  Although  the  decrease  of  [L1a+]  and  [V^]  led  to  the 
decrease  of  conductivity,  the  charge  carriers  are  still  lithium  ions. 
The  role  of  the  vacancies  is  the  provider  of  percolation  sites, 
which  can  also  enhance  Li+  motion.  Thus,  the  dominant  effect 
on  Li+  conductivity  is  expected  to  be  the  Li+  concentration. 

3.3.2.  The  variation  of  activation  energy 

Activation  energies  for  the  ionic  conduction  were  determined 
from  Arrhenius  plots  as  shown  in  Fig.  4(b).  The  results  are  sum¬ 
marized  in  Table  1  and  shown  as  a  function  of  the  composition 
v  in  Fig.  4(c).  The  minimum  value  of  3.24 kJ  is  observed  at 
v  =  10  mol%.  By  raising  the  LA  addition,  the  activation  energies 
also  increase.  This  is  ascribed  to  the  size  of  the  Li+  hopping  chan¬ 
nel,  which  relates  to  the  average  lattice  parameter  of  perovskite 
unit  cell.  As  mentioned  in  Section  3.1,  the  LA  addition  caused 
the  decrease  in  the  average  lattice  parameter.  This  seems  to  indi¬ 
cate  the  increase  in  activation  energy  due  to  contracting  the  size 
of  the  Li+  hopping  channel.  However,  an  unexpected  variation 
to  the  classical  ionic  crystal  model  was  reported  by  Chung  et 
al.  [4]  and  Nakayama  et  al.  [13],  in  that  doping  the  different 
size  cations  with  a  small  amount  at  B- sites  would  cause  a  local 
distortion  of  the  lattice.  The  substituted  cation  with  smaller  size 
expands  the  size  of  the  Li+  hopping  channel,  and  Li  ions  only 
require  lower  energy  to  overcome  activation  energy  to  move 
to  an  adjacent  A- site  vacancy.  This  local  distortion  effect  on 
activation  energy  is  also  observed  in  Fig.  4(c).  When  larger 
LA  amount  of  v  is  added,  the  Li+  migration  shows  little  rela¬ 
tion  to  the  local  distorted  lattice  and  is  mainly  determined  by 
the  classical  ionic  crystal  model.  Thus,  the  activation  energy  is 
raised. 


3.3.3.  The  influences  of  the  geometric  environment  of  A- site 
network  on  conductivity 

The  ordered-disordered  and  Li+  percolated/unpercolated 
structures  changed  by  adding  LA  are  classified  as  the  geomet¬ 
ric  environment  composed  of  Li+,  La3+  and  vacancies  at  A-sites 
[14] .  It  can  use  the  geometry  factor  A  to  express  the  contribution 
to  ionic  conductivity.  In  other  words,  the  meanings  of  geometry 
factor  can  be  used  to  describe  whether  the  structure  can  pro¬ 
vide  the  beneficial  skeleton  of  A-site  network  for  Li+  motion. 
An  index  S  will  be  made  by  us  to  comprehensively  estimate 
these  effects  on  conductivity  as  compared  with  the  LLT  struc¬ 
ture.  According  to  The  Powder  Diffraction  Files,  87-0935  and 
85-0848,  the  Li+  jumping  distance  for  LA-LLT  is  estimated 
in  the  range  of  3. 7-3. 9  A,  and  the  value  of  (^llt-la/^lt) 
approximately  one.  The  index  S  can  be  expressed  as 


S  =  (^llt-laMllt)  = 


^LLT-LA^aH^a]  exp(£a))LLT 
LLT ( [Li a ] [ ^A ]  exP ( ) ) LLT— LA 


Fig.  4(d)  and  Table  1  show  the  relation  of  S  and  LA  addition. 
The  S  value  increases  before  10mol%  LA  addition,  and  then  it 
decreases  drastically.  There  is  a  maximum  value  at  v  =  10  mol% 
LA.  Harada  et  al.  [15]  had  used  XRD  and  quenched  treatment  to 
observe  the  ordered-disordered  structure  of  LLT  and  concluded 


that  fast  ionic  conduction  was  more  favorable  by  decreasing 
the  ordering  extent  of  LLT.  Herein,  the  tending  disorder  struc¬ 
ture  that  results  from  less  LA  addition  also  creates  the  suitable 
geometric  pathway  for  the  faster  Li+  transport.  Nevertheless, 
over-adding  LA  decreased  the  continuous  transferring  pathways 
in  the  structure  due  to  more  obstacles  like  La3+  at  the  A-sites. 
When  the  amount  of  percolation  sites  approaches  the  thresh¬ 
old,  the  amount  of  the  localized  blocking  clusters  drastically 
increases.  Thus,  the  ionic  conductivity  decreases  at  the  same 
time.  This  result  reveals  the  mutual  competition  between  the 
effects  of  order-disorder  and  decreasing  percolation  sites.  The 
optimum  geometry  is  observed  at  x=10mol%  LA.  In  other 
words,  this  structure  provides  better  a  geometric  environment 
than  LLT  for  Li+  motion,  and  when  the  LA  addition  was  over 
50mol%,  the  geometry  structure  no  longer  provided  any  con¬ 
tribution  to  conductivity,  that  is,  the  value  of  S  or  A  is  equal  to 
zero. 

Considering  the  influences  of  Li+  and  vacancy  concentra¬ 
tions,  activation  energy,  and  A-site  structural  geometry  on  ionic 
conductivity,  the  main  effect  from  the  structural  geometry  is 
shown  in  Fig.  4(a)  and  (d).  Therefore,  the  conductivities  of 
0-20  mol%  LA  added  compounds  were  maintained  in  the  range 
of  10-4  S  cm-1,  and  with  increasing  LA  addition,  the  conduc¬ 
tivity  decreased  to  8.92  x  10  9Scm  1 . 

3.4.  Reaction  suppression  against  lithium 

Fig.  5  shows  the  variation  of  the  electrical  conductivity  of  the 
solid  solution  using  Li  electrodes.  It  is  found  that  all  of  the  sam¬ 
ples  have  the  alteration  process  of  ionic  conduction  to  electronic 
conduction  except  for  the  40  mol%  LA  added  compound,  and 
the  resulting  electronic  conductivity,  ascribed  to  the  reduction 
of  Ti4+,  also  decreases  with  the  Ti4+  substitution  by  Al  ions. 
By  increasing  the  LA  addition,  the  conversion  time  is  extended, 


Fig.  5.  The  dynamic  variation  of  the  electrical  conductivity  plotted  as  a  function 
of  time  for  solid  solution  xLaA103-(l  —  x)Lao.57Lio.3oTi03  with  Li  electrodes. 
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and  this  shows  better  inhibition.  The  reaction  can  be  suppressed 
when  the  LA  content  is  40  mol%. 

4.  Conclusion 

This  work  finds  that  the  LLT  and  the  selected  LA  can  form 
a  solid  solution.  Because  the  LA  addition  reduces  the  con¬ 
centrations  of  Li+  and  vacancies  in  LA-LLT,  only  0-40  mol% 
LA  added  compounds  have  the  percolation  skeleton  for  Li+ 
transport.  Over-adding  LA  causes  the  Li  ions  to  be  blocked 
in  the  localized  blocking  clusters  so  that  the  50-100  mol% 
LA  added  compounds  do  not  possess  the  Li+  conduction  fea¬ 
tures.  Furthermore,  the  geometry  related  to  the  arrangement 
of  A-site  ions,  like  La3+,  Li+  and  vacancies,  is  the  dominant 
factor  to  affect  the  ionic  conductivity.  Thus,  the  ionic  conduc¬ 
tivity  is  well  maintained  in  the  range  of  10_4Scm_1  for  the 
10-20  mol%  LA  added  compounds.  After  adding  30-40  mol% 
LA,  the  increasing  localized  blocking  clusters  drastically 
decrease  the  ionic  conductivity.  Moreover,  the  reaction  of  the 
solid  solution  and  lithium  is  suppressed  when  the  LA  content  is 
40  mol%. 
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